Abstract-We propose a vector current control derived from direct power control (VCC-DPC) for a three-phase voltage source inverter (VSI) in the synchronous rotating frame through instantaneous real and reactive powers. The proposed VCC-DPC method has the same control structure as the conventional VCC except for the coordinate transformation, since we obtain the d-q axes currents model of VSI without using Park transformation and the phase-locked loop (PLL) system. Consequently, the proposed method has the same property as the conventional VCC if the PLL extracts the phase angle of the grid voltage correctly. However, with the consideration of the slow dynamics of the PLL, the proposed method has an enhanced dynamical performance feature compared with the conventional VCC. Moreover, it has another benefit that the reduction of the computational burden could be expected since there is no Park transformation and the PLL in the controller implementation. We can guarantee that the closed-loop system with the proposed method is exponentially stable in the operating range. Finally, both simulation and experimental results using a 15-kW-inverter system match the theoretical expectations closely.
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I. INTRODUCTION
P
OWER converters are widely used in the application of renewable energy sources and distributed generation systems [1] - [4] . One of the key devices of power converters is grid-connected voltage source inverter (VSI), which is used to transform the dc power to ac power. Recently, various control strategies have been developed to improve its reliability, efficiency, and safety by engineers and researchers [5] - [10] .
A standard control strategy of grid-connected VSI is vector current control (VCC), which is designed in a synchronous rotating reference frame. The main advantage is that it transforms the ac values to the dc ones by using coordinate transformation and thus the linear PI controller can be used to indirectly control real and reactive powers by controlling d-q axes currents separately [11] . Moreover, the dynamics of VSI is changed into a linear time-invariant (LTI) system in the synchronous rotating reference frame. By means of this, the VSI system can be easily designed and analyzed by using the linear control techniques [12] - [18] . For the standard VCC, since the d-q axes currents have to be in phase with the grid voltage, the phase angle used by the Park transformation has to be extracted from the grid voltages correctly [1] . One possible method to extract the phase angle is filtering of the grid voltages and using arctangent function [19] - [21] . Nowadays, a phase-locked loop (PLL) is a more common method to extract the phase angle of the grid voltage for VSIs [22] , [23] . However, the PLL system will cause a slow transient response. In addition, it may cause the instability problem in some cases [24] - [30] . Another control method, direct power control (DPC) has been researched for VSIs to control instantaneous real and reactive powers directly without using any inner-loop current regulator [31] , [32] . However, these methods have a variable switching frequency according to the switching state, which will cause an unexpected broadband harmonic spectrum range, i.e., it is not easy to design a line filter. To achieve a constant switching frequency, some other DPC algorithms have been proposed by using space vector modulation [32] , [33] , or calculating required converter voltage vector in each switching period [34] , [35] . Moreover, for the robust property, a sliding mode control based DPC is designed to obtain an exponential convergence of the tracking error of the real and reactive powers [36] , and a passivity-based control DPC is designed by considering the system's intrinsic dissipative nature [37] . However, there are still power ripples in both real and reactive powers. Another optimal control strategy, model predictive control (MPC)-DPC, has been proposed by considering the multivariable case, system constraints, and nonlinearities in an intuitive way [38] - [43] . MPC-DPC selects voltage vector sequence and calculates duty cycles in every sampling period. One of the advantages is that it provides a constant switching frequency. However, it may incur additional computational burden. In addition, Cheng and Nian proposed a virtual synchronous reference frame based DPC for VSI in [44] and extended it to doubly fed induction generator system with consideration of unbalance grid voltage and harmonically distorted voltage conditions [45] , [46] . They used a virtual phase angle instead of the voltage phase angle acquired by PLL for coordinate transformations, and applied the reducedorder vector integrators to directly regulate the power pulsations.
Recently, Gui et steady-state performance [47] - [49] . The key point of the GVM-DPC is that it converts the original nonlinear system into an LTI system, which also can be easily designed and analyzed by using various linear control techniques [50] . In this paper, we propose a VCC derived from DPC (VCC-DPC) for the three-phase VSI. The proposed method should have the same property as the conventional VCC, since we get the d-q axes currents model of the VSI through the DPC model. However, due to the absence of Park transformation and PLL, the proposed method has enhanced performance in the case considering the slow dynamics of PLL, and the reduction of the computational burden could be expected in comparison with the conventional VCC. We found that our concept is similar to the methods designed in [19] , [20] , [51] , and [52] . However, the proposed method combines the advantages of DPC and standard VCC, since it starts from the DPC model. Moreover, it can directly control the current to obtain high-quality performance, which is a general requirement in the industry. In this paper, we design a simple controller with a feedforward and feedback structure to compare the performance with the conventional VCC fairly. However, various controllers could be designed based on the proposed technique to improve the performance or resolve some practical issues. The main contribution of the paper is that the proposed control method synchronizes the VSI to the grid through the direct power calculation method instead of the PLL system. If the grid voltage is distorted and imbalanced, then both the proposed method and conventional approaches will need additional digital filters. However, the performance of the proposed method is not affected by the PLL system, which may not estimate the correct phase angle of the grid voltage during the transient or even destabilizes the system in a weak grid [8] , [53] , [54] . In summary, we can expect the following features as follows.
1) The proposed method could stabilize the weak-gridconnected VSI system. 2) The proposed method has a good fault ride through (FRT) performance.
3) The proposed method is robust to the parameter uncertainties (e.g., line filter and grid frequency, etc.). Finally, both simulation and experimental results match the theoretical expectations closely.
The rest of the paper is organized as follows. Section II presents the system modeling of the grid-connected VSI based on the DPC model. In Section III, we design a simple controller with a feedforward and feedback structure. Section IV shows the simulation results using MATLAB/Simulink, Simscape Power Systems. In Section V, we also validate the proposed technique via the experimental test using a 15-kW-inverter system. Finally, Section VI gives the conclusions of this work.
II. MODELING OF VOLTAGE SOURCE INVERTERS
In this section, at first, a DPC modeling of VSC is briefly introduced. Then, the GVM-DPC is introduced for the VSC system to make it an LTI system. Fig. 1 shows a two-level VSI connected to the grid through an L-filter. In this study, we assume that a stiff dc source is connected to the dc-side of the inverter, e.g., a rectifier in wind application or a dc-dc converter in PV application. Consequently, the dynamics from the dc input is not studied in this paper. The dynamic equations consisting of the output voltages of the VSI, the grid voltages, and the output currents can be expressed as follows:
where i abc , v gabc , and u abc are the output currents, the grid voltages, and the output voltages of the VSI in the abc frame, respectively. L and R are the filter inductance and resistance, respectively. Based on a balanced grid voltage condition, the dynamic equations in (1) can be transformed into the stationary reference frame by using Clark transformation as follows:
where i αβ , v gαβ , and u αβ indicate the output currents, the grid voltages, and the VSC output voltages in the α-β frame. Then, we can obtain the instantaneous real and reactive powers injected from VSI to the grid in the stationary reference frame as follows [55] , [56] :
where P and Q are the instantaneous real and reactive powers injected into the grid, respectively. To obtain the dynamic equation of the powers, we differentiate (3) with respect to time. Then, the instantaneous real and reactive power of dynamic equations are expressed as follows:
Note that the powers dynamics in (4) consist of the grid voltages and output currents dynamics. To simplify the powers dynamics in (4), we consider a nondistorted grid in this study. Thus, the following relationship could be obtained such as
where
Note that, V g is the magnitude of the grid voltage, ω is the angular frequency of the grid voltage and ω = 2πf , and f is the frequency of the grid voltage. To obtain the instantaneous grid voltage dynamic equations, we differentiate (5) with respect to time as follows:
Substituting (1) and (7) into (4), the dynamics of the real and reactive powers are represented as follows [36] :
Note that the dynamics of instantaneous real and reactive powers in (8) are a multi-input-multi-output (MIMO) system, where u α and u β are the control inputs and p and q are the outputs. Moreover, the system is a time-varying one since both control inputs are multiplied by the grid voltages. To simplify the dynamics in (8), we use the GVM control inputs defined in [47] and [48] , which are a similar concept in [20] and [51] as follows:
where u P and u Q are the new control inputs, which will be designed. Note that u P and u Q are changed into dc components since they satisfy the following relationship based on the assumption of the nondistorted grid voltages in (5):
where u d and u q indicate the converter voltages in the d-q frame. Note that the GVM method in (9) does not use the PLL, but the control inputs are represented in the d-q frame. With the new control inputs defined in (9), the dynamics of the real and reactive powers in (8) can be rewritten as follows:
Note that the dynamics of the real and reactive powers in (11) is changed into a time-invariant MIMO system with the coupling states. In addition, the model in (11) has a similar structure as the model of d-q axes currents of VSI. Then, we will show the relationship between the model in (11) and the model of d-q axes currents for VSI. In the synchronous frame, since the d-axis is always coincident with the instantaneous voltage vector and the q-axis is in quadrature with it, v gd = V g and v gq = 0, the real and reactive powers in the d-q frame can be defined as follows:
If we multiply 2 3V g to both side of the dynamics of the real and reactive powers in (11), the new system can be obtained as follows:
Note that the proposed model in (13) is changed into a conventional currents model in the d-q frame, but the PLL system is not used for this method.
III. CONTROLLER DESIGN
In this section, a simple controller consisting of feedforward and feedback is designed for the new system in (13) to regulate the d-q axes currents. However, various controllers especially the linear ones could be designed based on the proposed technique (for the new system in (13)) to improve the performance or resolve some practical issues.
At first step, the errors of the d-q axes currents are defined as follows:
where i dref and i qref are the references of the d-q axes currents, respectively. To cancel the coupling terms in (13), a controller consisting of feedforward and feedback terms is designed as follows: applied to ν i d and ν i q as follows:
, and K i q ,i are the PI controller gains. Consequently, substituting (15) and (16) into (13), the following error dynamics are obtained such aṡ
Note that if the PI controller gains are selected as positive values, then the closed-loop system is exponentially stable in the where x is the state of the system and A cl is the state-space matrix of the closed-loop of the system. If
, and K i q ,i are positive values, then A has all negative eigenvalues. Finally, the original control inputs u α and u β are calculated based on the inverse of (10) as follows:
The block diagrams of the conventional VCC and the proposed method are shown in Fig. 2 . Instead of (3), we could use a set of three-phase voltages and currents to instantaneous real and reactive powers such as
Compared to the conventional VCC, there is no PLL, Park transformation, and inverse Park transformation in the implementation of the proposed method.
IV. SIMULATION RESULTS
To validate the proposed control method, we use MATLAB/Simulink, Simscape Power Systems. The parameters of the system used in the simulation are listed in Table I .
At first, we compare two methods when the reference of i d is suddenly changed, as shown in Fig. 3 . To compare i d tracking performance from Fig. 3(b) , the time response of the proposed method without the PLL and Park transformation is similar to that of the conventional VCC method since the PLL continually provide the correct information of θ. Moreover, the performance of i q , P , and Q with both methods is similar as well. The second case is that the inverter is connected to the grid and injects power to the grid. In this case, the conventional VCC needs the synchronization time due to the slow dynamics of the PLL. However, the proposed method does not need synchronization process and enables to plug-and-play. From Fig. 4(b) and (c), the conventional VCC tracks its references well. However, due to the slow dynamics of the PLL, the real and reactive powers have a larger oscillations and slower settling time than the proposed method, as shown in Fig. 4(d) and (e). Moreover, the bandwidth of the PLL could be increased in order to obtain a better performance, as shown in Fig. 4(d) and (e). However, it is still slower than the proposed method, and the larger bandwidth of the PLL system may cause an unstable phenomenon in a weak grid [29] . Hence, we cannot increase the bandwidth of the PLL system too much. Consequently, we can conclude that the proposed method has a similar performance to the conventional VCC without using the PLL and Park transformation, but will have a better performance in some cases where the slow dynamics of PLL makes the problems.
V. EXPERIMENTAL RESULTS
The effectiveness of the proposed method is also validated by using a three-leg three-phase 15-kW inverter system with an L filter, as shown in Fig. 5(a) . The controller is implemented in the DS1007 dSPACE system, where the switching pulses are generated via the DS5101 digital waveform output board, and the grid voltages and the output currents are measured through the DS2004 A/D board. The sampling and switching frequencies are set as 10 kHz. A constant dc voltage supply is used at the dc-link, and a grid simulator is connected to support 110 V RMS grid voltage at the ac side, as shown in Fig. 5(b) . changed from 5 to 10 A. In the experiment, the settling time of the PLL system is 0.05 s. The blue line is the grid voltage V ga , the sky-blue line is the output current I a , and the green line is the real power P . From Fig. 6(a) , the conventional VCC method has a small overshoot in the current when the reference is changed, and in the real power as well. The proposed method has a better tracking performance than the conventional VCC method, as shown in Fig. 6(b) . Fig. 7 shows the time response of both methods when the slow dynamics of the PLL affects the performance. In this case, at first, the PLL does not extract the phase angle, and then it starts estimating the phase angle when the grid voltage could be measured. The conventional VCC method has a slower settling time than the proposed method, which is not using the PLL. We can conclude that the proposed method has much better performance than the conventional VCC method in the case where the PLL makes a problem.
A. Tracking Performance
In addition, Fig. 8 shows the time response of both methods when the reference of i q is changed from −5 to 5 A. We can observe that the proposed method has a similar performance as the conventional VCC method. Thus, we can conclude that the proposed method without the PLL and Park transformation also has a good reactive power tracking performance as well.
B. Robustness Performance
We test also the FRT performance when the grid voltage has a voltage sag. Fig. 9 shows the time response of both methods when the grid voltage has a 25% sag. It is observed that the proposed method has a similar performance in comparison with the conventional VCC method, since the PLL does not lose the angular information in this case. We can expect that the FRT scheme could be applied to the proposed method easily.
In addition, we also test a disturbance to the variation of the frequency of the grid voltage. To compare the performance efficiently, we test a severe case where the frequency of the grid voltage is step changed from 48 to 52 Hz by using the grid simulator. From Fig. 10(a) , the frequency of the current using the conventional VCC method cannot track the frequency fast enough when the frequency of the grid voltage is changed due to the slow dynamics of the PLL. However, Fig. 10(b) shows that the frequency of the current using the proposed method tracks the frequency of the grid voltage in one cycle, since the proposed method does not include the PLL. Consequently, we can conclude that the proposed method has robustness properties to the grid frequency variation.
Finally, to test the robustness property of the proposed method to parameter uncertainty, its performance is evaluated in the presence of the inductance variation of the filter in the control implementation. Fig. 11(a) shows the time response of the proposed method when the parameter is set to 50% of actual value in the implementation, and Fig. 11(b) shows the time response when the parameter set to 150% of actual value. To compare with Fig. 6(b) , the proposed method does not lose tracking performance. Consequently, we can conclude that the proposed method has robustness properties. Moreover, we can expect that the various controllers designed based on the conventional VCC method could be applied to the proposed technique. 
C. Steady-State Performance
In addition, we test the case when the grid voltage has some background harmonics. At first, when the grid voltage has no harmonics, the total harmonic distortion (THD) of the current is calculated as 1.21% when the inverter regulates i d = 10 A and i q = 5 A, as shown in Fig. 12 . Then, we inject fifth and seventh harmonics to the grid voltage through the grid simulator, and the THD of the grid voltage changes to 3.29%, as shown in Fig. 13(b) . The performance of the inverter with the proposed method is slightly affected by these harmonics, and the THD of the current slightly increases to 3.32%, as shown in Fig. 13 . However, it is still less than 5%. Moreover, we can expect that the controller designed to compensate harmonics in the d-q frame could be applied to this concept in order to solve the harmonics issues. Hence, we will modify the proposed control strategy to compensate the harmonics issues in the future. Moreover, it can be expected that the proposed method could overcome unbalanced grid voltage based on the strategy discussed in [57] . 
D. Weak Grid Test
Finally, we test the case when the inverter is connected to a weak grid (SCR=1.5), which consists of 22 mH-L and 15 μF -C impedance and a grid simulator generating 110 V rms grid voltage. At first, the inverter injects 5 A, then, the reference is increased to 15 A. In this case, the conventional VCC method has harmonics instability phenomenon when the settling time of the PLL system is set as 0.05 s, as shown in Fig. 14(a) . Wang and Blaabjerg also discussed such phenomenon in [29] . To avoid that phenomenon, we can decrease the bandwidth of the PLL as well. However, the proposed method can stabilize the system, as shown in Fig. 14(b) . In this case of weak grid condition, we add a band-pass filter to the voltage measurement in order to overcome the harmonic stability problem, where the fundamental component of voltage is considered. In the future, we will discuss and analyze the stability and performance of the proposed method with the band-pass filter in detail.
VI. CONCLUSION
In this paper, we have introduced a VCC-DPC for threephase VSI with instantaneous real and reactive powers. We obtained the d-q axes currents model of VSI without using Park transformation and the PLL. For fair comparison, we designed a PI controller with feedforward. Thus, the proposed method has the same control structure as the conventional VCC except for the coordinate transformation and PLL. Moreover, the proposed VCC-DPC will reduce the computational burden since there is no Park transformation and as well as the PLL. Simulation results show that the proposed method has the same properties as the conventional VCC when the PLL extracts the correct phase angle of the grid voltage. However, in the case where the slow dynamics of the PLL is activated, the proposed method has improved dynamical performance in comparison with the conventional VCC. We have also tested the performance of the proposed method with a 15-kW inverter system. Experimental results show that the proposed method has a robust property for the parameter uncertainness as well.
This work is an initial start for the VCC-DPC through the DPC model. In the future, we will design a compensator for the harmonics or unbalanced issues based on this concept.
